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INTRODUCTION
EnvironmentallyAssistedCracking(EAC)isageneraltermthatincludesphenomenasuchas
stresscorrosioncracking(SCC),hydrogenembrittlement(HE),sulfidestresscracking(SSC),
liquidmetalembrittlement(LME),etc.E ACreferstoaphenomenonbywhichanormallyductile
metalloosesitstoughness(e.g.elongationtorupture)whenitissubjectedtomechanicalstresses
inpresenceofaspecificcorrodingenvironment.ForEACtooccur,threeaffectingfactorsmust
bepre sentsimultaneously.Theseinclude:(1)Mechanicaltensilestresses,(2)Asusce ptiblemetal
microstructureand(3)Aspecificaggressiveenvironment.Ifanyofthesethreefactorsisr e-
moved,EACwillnotoccur.Thatis,tomitigatetheoccurrenceofEAC, engineersmayfore x-
ampleeliminateresidualstressesinacomponentorlimititsapplicationtocertainchemicals(e n-
vironment).Thetermenvironmentnotonlyincludeschemicalcompositionofthesolutionin
contactwiththecomponentbutalsoothervari ablessuchastemperatureandappliedpote ntial.
NickelalloysareingeneralmoreresistantthanstainlesssteelstoEAC.Forexample,austenitic
stainlesssteels(suchasS30400)sufferSCCinpresenceofhotaqueoussolutionscontaining
chlorideions. Sincechlorideionsareubiquitousinmostindustrialapplications,theuseof
stressedstainlesssteelspartsiss eriouslylimited.Ontheotherhand,nickelalloys(suchas
N10276)arepracticallyimmunetoSCCinpresenceofhotchloridesolutionsandt hereforean
2excellentalternativetor eplacethetroubledstainlesssteels.Nonetheless,nickelalloysarenot
immunetoothertypesofEAC.Thereareseveralenvironments(suchashotcausticandhoth y-
drofluoricacid)thatmayproduceembrittlementinni ckelalloys(Crumetal,2000)(Table1).
Theconditionswherenickela lloyssufferEACarehighlyspecificandthereforeavoidablebythe
properdesignoftheindustrialcomp onents.
CommercialNickel
Commerciallypurenickelisnotsusceptibletostre sscorrosioncracking,exceptintheheavily
coldworkedconditionsinthepresenceofhightemperature(>250°C)concentratedcausticsol u-
tions.Commercialnickelisnotsusceptibletohydrogenembrittlementsincethesolubilityand
diffusivityofhydrogen innickelarelowandthismaterialhaslowmechanicalstrength.Theyield
stress(YS)ofannealedNi -200atroomtemperatureis190MPa,theultimatetensilestress(UTS)
is465MPa,theelongationtoruptureis50%andtheRockwellBhardnessisonly60 .
Nickel-CopperAlloys
AsinthecaseofNi200,alloy400isnotverysusceptibletostresscorrosioncracking(SCC)
probablybecauseithaslowmechanicalstrength.Theyieldstressofannealedalloy400atroom
temperatureis260MPa,theultimate tensilestressis550MPa,theelongationtoruptureisa p-
proximately50%andtheRockwellBhardnessis72.Alloy400wasfoundtobesusceptibleto
SCCinacidicsolutionscontainingmercurysalts,inliquidmercury,inhydrofluoricacidandin
fluosilicicacid(TheInternationalNickelCompany,1968).Inhydrofluoricacidthecrackingis
transgranularandthehighestsusceptibilityoccursinthevaporphase,especiallyinthepresence
ofair(Pawel,1994).Reductionofaerationreducesthesusceptibility tocrackinginhydrofluoric
acid.UsingU -bendspecimens,ithasbeenreportedthatthecrackpropagationrateinAlloy400
exposedtothev aporphaseof20%HFfor240hdecreasedasthetemperatureincreasedfrom
66°Cto93°C,probablybecauselessoxyg enwasavailableinthevaporphaseasthetemperature
increased(Rebak2000).Inthesamestudy,U -bendsofAlloy400werefoundfreefromcracking
whileimmersedintheliquidphase(R ebak2000,Rebak2001).
3Ithasalsobeenreportedthathighlystresse dalloy400suffersSCCinammoniavaporsat300°C
(Theusetal.,1982).Heattreatmentsthateliminateresidualstressesandcoldworked
microstruc turesgreatlyreducethesusceptibilityofalloy400toalltypesofenvironmentallyi n-
ducedcracking.
Ni-MoAlloys
Ni- Moalloysareresistanttochlorideinducedcrackinginboilingmagnesiumchloridesolutions
(Kolts,1982;Hodge,1983).WhenB -2alloyand,toalesserextentB -3alloy,areexposedto
temperaturesintherange550°Cto850°C,theyloose ductilityduetoasolidphasetransform a-
tionwhichformsorderedintermetallicphasessuchasNi 4Mo.Theprecipitationoftheseordered
phaseschangesthedeformationmechanismsofthealloysmakingthemsusceptibletoEACsuch
ashydrogenembrittlement. InB -2alloy,theprecipitationofi ntermetallicphasescanoccurinthe
heat-affectedzone(HAZ)duringwelding.IthasbeenreportedthatB -2alloyfailedbyinte r-
granularstresscorrosioncrackingoftheHAZwhenexposedtoorganicsolventscontaining
tracesofsulfuricacidat120°C(TakizawaandSekine,1985).Ithasalsobeenr eportedthatB -2
alloywaspronetotransgranularstresscorrosioncrackinginthepresenceofh ydroiodicacid(HI)
above177°C(SridharandCragnolino,1992).
Stresscorrosi oncrackingstudiesofB,B -2andB -3alloysinacidicsolutionswerecarriedout
underlaboratoryandplantconditions(NakaharaandShoji,1996).Theeffectsoftheelectr o-
chemicalpotential,coldworkproducedbydrilling,andtwodifferentagingproces ses(thatwould
simulateweldingandthesubsequentcoolingcycle)wereinvestigated.Atanodicpote ntials(200
mVabovethefreecorrosionpotential)NakaharaandShojifoundtransgranularfissu ringinall
threealloysbothformillannealedandagedmate rials.Atcathodicpotentials(100mVand400
mVbelowthefreecorrosionpotential)theyfoundintergranularcrackingonlyfortheaged(se n-
sitized)alloys.Sincetheamountofintergranularbrittlecrackingincreasedatthelowerapplied
cathodicpotenti al,thisenvironmentallyinducedcrackingwasattributedtohydrogenembrittl e-
ment(NakaharaandShoji,1996).
U-bendspecimensofmillannealedB -3(N10675)alloywerefoundtosufferstresscorrosion
crackinginthepresenceofvaporandliquidphaseof a20%HFsolutionat66°C,79°Cand93°C
4(Rebaketal.2001).ThecrackingsusceptibilityofN10675increasedwiththetemperatureand
theliquidphasewasmoreaggressivethanthevaporphase.
Ni-Cr-MoAlloys
Oneofthemajorlimitationsofstainless steelsisthatthesealloysaresusceptibletochloridei n-
ducedlocalizedattacksuchascrevicecorrosion,pittingcorrosionandstresscorrosioncracking.
Ni- Cr- MoalloysarethemostresistantNibasedalloystotheclassicchlorideinducedlocalized
corrosionthattroublesthestainlesssteels.InsomecasesSCCwasreportedinhighstrengthm a-
terials;however,crackingonlyoccurredinveryaggressiveconditions,suchatte mperatures
higherthan200°C,pHlowerthan4andpre senceofhydrogensulfide( Kolts,1987).U -bend
specimensofC -2000,C -22andC -276alloyswerenotsu sceptibletocrackinginboiling(154°C)
45%MgCl 2solutionafter1008hoftesting(Rebak2000).C -276andC -4alloywerefreefrom
crackingina25%NaClsolutionat232°C;howeve r,thesealloysweresusceptibletocrackingin
aMgCl 2solutionofsamechloridecontentatthesametemper ature(Kolts,1982).C -22alloywas
immunetoSCCin20.4%MgCl 2solutionupto232°C,eveninthe50%coldr educedcondition
andinthe50%coldr educedplusagedat500°Cfor100hcondition.
LaboratorytestingusingU -bendspecimens(ASTMG30)hadshownthatNi -Cr- Moalloyssuch
asC- 276,C -22andC -2000alloyweresusceptibletoSCCinwetHFatbothintheliquidand
vaporphase(Figure1)(Re bak2000,Rebaketal.2001).ThemostresistantoftheNi -Cr- Moa l-
loytocrackinginwetHFwasC -2000(N06200)probablybecausethebeneficialeffectof1.6%
Cucontent.JustinoppositebehaviortoNi -CuAlloy400,Ni -Cr- Moalloyswerelesssusceptible
tocrackinginthevaporphasethanintheliquidphase,suggestingthatthepresenceofCrisben e-
ficialforHFvaporphaseapplications(Rebaketal.2001).
Nickelbasedalloysareknowntobesusceptibletocausticcracking.Underslowstrainratecon di-
tions,C -276alloywassusceptibletotransgranularcrackingin50%NaOHat147°C(A sphahani,
1979).Ontheotherhand,millannealedandagedfor24hat677°CC -shapespecimens(ASTM
G39)ofC -22alloydidnotexhibitcrackingafterimmersionin50%N aOHsolutionat147°Cfor
720h.
5WhenNi -Cr-Moalloysareagedattemperatureshigherthan600°Cforlongtime,longrangeo r-
deringreactionsandprecipitationofanintermetallicµ phasecanoccur.Theoccurrenceofthese
solidstatereactionsduringagi ngwouldreducetheductilityofNi -Cr- Moalloys.Fore xample,
forannealedC -276alloy,theyieldstress(YS)atroomtemperatureis360MPa,theultimatete n-
silestress(UTS)is807MPa,theelongationtoruptureis63%;however,foraC -276alloythat
wasagedfor16,000hat760°C,theYSincreasesto476MPa,theUTSincreasesto894MPa
andtheelongationtorupturedecreasesto10%.IthasbeenreportedthatagedC -276alloywas
susceptibletohydrogeninducedcrackinginenvironmentscontaininghydr ogensulfide(H 2S)
(Kaneetal.,1977;Sridharetal.,1980).
Ni- Cr- Moalloyswerealsofoundtosufferenvironmentallyinducedcrackinginconditionsass o-
ciatedtosupercriticalwateroxidation(SCWO).IthasbeenreportedthatbothC -276(N10276)
and Alloy625(N06625)sufferedintergranularcrackingwhenexposedtovariousaqueoussol u-
tionsinthev icinityofthecriticalpointofwater(374°C)(Mittonetal.1998,Kritzeretal.1998,
AlleyandBradley2003).
Becauseofitsexcellentresistanceto stresscorrosioncrackingandothertypesoflocalizedcorr o-
sion,AlloyC -22(N06022)wasselectedbytheDepartmentofEnergy(U.S.A.)tofabr icatethe
innerwallofthehighlevelnuclearwastecontainersthataregoingtobeburiedperm anentlyat
theYu ccaMountainsite(U.S.DOE2001,Gordon2002,Cragnolinoetal.2002).
AlloyC -22isbeingextensivelytestedforitssusceptibilitytoSCCinavarietyofenvironments,
mainlyatGEGlobalResearch,SouthwestResearchInstituteandLawrenceLivermore National
Laboratory(LLNL).ThisalloywasfoundextremelyresistanttoEACinmanydifferentsolutions
atthecorrosionpotential,atallthetestedtemperaturesfromambient110°C[A ndresenetal.
2003,Dunnetal.2002,Panetal.2000andEstilletal. 2002).Testswerecarriedoutusingcyclic
loading,constantloadandslowstrainratetestsinsolutionsfrom14MolalMgCl 2,tobasicsat u-
ratedwater(BSW)tosimulatedacidifiedwater(SAW).Similarly,U -bendspecimensofN06022
andothernickela lloyssuchasC -4(N06455),G -3(N06985),825(N08825)and625(N06625)
arebeingusedtocharacterizethestresscorrosioncrackingsusceptibilityinavarietyofenviro n-
ments[Fixetal.2004).GasTungstenArcWelded(GTAW)andnon -weldedU -bendspec imens
wereexposedformorethan5yearsatthecorrosionpotentialtothevaporandliquidphasesof
6threedifferentsolutions(pH2.8to10)simulatingupto1000timestheconce ntrationofground
waterbothat60°Cand90°C.Noneofthesealloyssufferedanyin dicationofenvironmentally
inducedcracking[Fixetal.2004].
AlloyC -22wasfoundsusceptibletoEACwhenSSRTwasperformedonmillannealedspec i-
mensinhotsimulatedconcentratedwater(SCW)atanodicappliedpotentials(Fixetal.2002,
Kingetal 2002,Kingetal.2004).SCWisamulti -ionicalkalinesolutionapproximately1000
timesmoreconcentratedthanYuccaMountaingroundwater.Itislikelythatthepresenceofflu o-
rideionsinthissolutioncontributedtothecrackingofC -22[Kingetal.2 004].Thesusceptibility
tocrackingwasstronglydependentontheappliedpotentialandthetemperatureofthesolution.
ThehighestsusceptibilitytoEACwasfoundataround90°Cat+400mVinthesaturatedsilver
chloride(SSC)electrodescale(Figure2 ).Atthecorrosionpotential,C -22wasfreefromEAC
evenat90°C.Similarly,atanodicappliedpotentials,C -22wasfreefromEACatambientte m-
peraturesandasthetemperatureincreasedthetimetofailureinthetestsd ecreased(Figure3).
Ithasalso beenreportedthatAlloyC -22(N06022)maysufferembrittlementwhenslowstrained
undercathodicappliedpotentials(orcurrents)(Kesavan1991,Scammon1994,King2004).The
maximumsusceptibilitytocrackingundercathodicconditionsseemedtooccurat ambientte m-
peraturessuggestingahydrogenrelatedfai luremechanism.
Ni-Cr-FeAlloys
Thisisoneofthelargestgroupsofnickel -basedalloyssinceitcoversInconel600(N06600),I n-
coloy825(N08825)and800(N08800)andHastelloyG -30(N06030)type alloys.SinceAlloy
600hasbeenusedtofabricatethetubesofsteamgeneratorsinnuclearpowerplants,ithasbeen
byfarthemoststudiednickelalloyregardingitsstresscorrosioncrackingbehavior,esp eciallyin
hotwater.Alloy600hasbeenfoundt osufferstresscorrosioncrackinginhightemperaturepure
water(>300°C)bothinserviceandinthelaboratory.Duetoitsimportanceforthenucleari n-
dustry,thestresscrackingofalloys600and690inpurewaterandincausticsolutionshasbeen
extensivelyresearchedinthelastthreedecades(Szklarska -SmialowskaandRebak,1996,Staehle
andGorman2003)andmorethanonethousandpaperswerepublishedinthissubject.Inge neral,
alloy690ismoreresistanttocrackingthanalloy600,probablydue toitshighercontentofchr o-
7mium(29%).Thesusceptibilitytocrackingofalloys600and690dependsstronglyonenviro n-
mentalfactorssuchastemperature,leveloftensilestresses,presenceofhydrogengas,solution
pHandelectr ochemicalpotential,an dmetallurgicalfactors,suchastheamountofcoldworkand
heattreatment.Crackinginalloy600couldbeintergranularortran sgranular.
Alloy600,likeothernickelbasedalloys,alsosuffersstresscorrosioncrackinginhotcaustics o-
lutions(150°C -200°C).Alloy690,whichhasdo ubletheamountofchromiuminAlloy600has
beenfoundtobemoreresistantthanAlloy600tohightemperaturecrackinginpurewaterandin
causticsolutions.Duetoitshighcontentofnickel(76%),alloy600isresistantt ostresscorrosion
crackinginchloridecontainingsolutions;however,Alloy600wassusceptibletolocalizedattack
inhydrofluoricacidcontainingenviro nments(Pawel,1994).
Alloy800isalsousedinthenuclearpowergeneration.ItwasshownthatAll oy800(N08800)
wasalsosusceptibletocausticcracking(Mignoneetal.,1990)andevenmoresu sceptiblethan
Alloy690,probablybecauseofthehigherCrco ntentofthelatter(Yangetal.2001).
Alloy825ismoreresistanttostresscorr osioncracking thanforexample316stainlesssteelsdue
toitshighercontentofnickel.SlowstrainratetestsandU -bendtestshaveshownthatalloy825
wassusceptibletotransgranularstresscorrosioncrackingin45%MgCl 2solutionsattemper a-
turesabove146°C.
DataonthestresscorrosioncrackingbehaviorofG -30alloyisscarce.Ithasbeenreportedthat
G-30componentsusedintheindustrialproductionofhydrofluoricacidsufferedcracking(Rebak
2000).U -bendspecimensofG -30alloydidnotcrackafterexpos urefor500hin45%MgCl 2s o-
lutionat154°C.IthasbeenfoundthatG -30aswellasothernickelalloyswouldsuffercrac king
intheaggressiveconditionsencounteredinsupercriticalwateroxidation(SCWO)trea tments.
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Table1
EnvironmentsthatmaycauseEACinnickelalloys
NickelAlloys ExampleUNS Environmentswhichmaypr oduceEAC
CommercialNickel N02200 Notespeciallysusceptible
Ni- CuAlloys N04400 Hydrofluoricacid(especiallyinthevaporphase
containingoxygen)
Ni- MoAlloys N10675 Cathodicandanodicacidicsolutions(especially
nearwelds),WetHFsolu tions
Ni- Cr- MoAllloys N10276,N06022 HotCaustic,SCWO,HotLiquidHFsolutions
Ni- Cr- FeAlloys N06600,N08825 Hotwater,HotCaustic,highchloridehightemper a-
ture
11
FIGURE1:SCCofAlloyC -276(N102 76)U -bendspecimenimmersedin
liquid20%HFsol utionat93°Cfor240h.MagnificationX100.
12
FIGURE2:AlloyC -22strainedin86°CSCWsolutionat+400mVSSCappliedpotential.
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FIGURE3:Effectoftemperatureo ntheSCCsusceptibilityofN06022inSCWatanappliedp o-
tentialof+400mV.
